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In the frog Xenopus laevis, dorsal–ventral axis speciﬁcation involves cytoskeleton-dependent transport of
localized transcripts and proteins during the ﬁrst cell cycle, and activation of the canonical Wnt pathway
to locally stabilize translated beta-catenin which, by as early as the 32-cell stage, commits nuclei in
prospective dorsal lineages to the subsequent expression of dorsal target genes. Maternal ligands
important for activating this dorsal-speciﬁc signaling pathway are thought to interact with secreted
glypicans and coreceptors in the blastocoel. While diffusion between cells is generally thought of as
sufﬁcient to accomplish the distribution of secreted maternal ligands to their appropriate targets,
signaling may also involve other potential mechanisms, including direct transfer of morphogens via
membrane-bounded entities, such as argosomes, exosomes, or even ﬁlopodia. In Xenopus, the blastocoel-
facing, basolateral surfaces where signaling interactions ostensibly take place have not been previously
examined in detail. Here, we report that the cleavage-stage blastocoel is traversed by hundreds of
extremely long cellular protrusions that maintain long-term contacts between nonadjacent blastomeres
during expansion of the interstitial space in early embryogenesis. The involvement of these protrusions
in early embryonic patterning is suggested by the discoveries that (a) they fragment into microvesicles,
whose resorption facilitates considerable exchange of cytoplasm and membrane between blastomeres;
and (b) they are active in caveolar endocytosis, a prerequisite for ligand-receptor signaling.
& 2013 Elsevier Inc. All rights reserved.Introduction
Cleavage is a crucial phase of early Xenopus embryogenesis during
which the fertilized egg undergoes rounds of synchronous cell
division, rudimentary tissue layers become established, and the ear-
liest steps in pattern speciﬁcation take place. Cleavage can also be
regarded as a morphogenetic phase of development: during this
period, the embryo transforms from a simple cluster of cells into the
hollow multi-layered blastula, competent to undergo gastrulation.
Where the egg begins with only a single exterior surface, the blastula
must develop a functional, polarized epithelium to physiologically
isolate its interstitial space – the blastocoel – from the outside world.
During cleavage, blastomeres become adherent, and distinct apical and
basolateral membrane domains develop, separated by apical tight
junctions (Müller and Hausen, 1995; Merzdorf et al., 1998; Fesenko
et al., 2000). This process, referred to as compaction, occurs at different
developmental times in different organisms. In large-egg vertebrates
like ﬁsh and amphibians, compaction occurs contemporaneously with
the earliest cleavages, and involves a massive localized delivery of new
basolateral membrane to the advancing cleavage furrow (Danilchikll rights reserved.
.et al., 1998, 2003; Jesuthasan, 1998). The new cleavage planes express
maternally encoded C- and EP-cadherins which facilitate adhesion
between sister blastomeres (Heasman et al., 1994; Kühl and Wedlich,
1996). The blastocoel undergoes continuous expansion and change in
shape throughout the cleavage period, via osmotically driven uptake of
water (Slack and Warner, 1973) and the progressive epibolic thinning
of the blastocoel wall and roof (Keller, 1980). Other forces driving the
morphogenesis of the blastula remain obscure, but certainly include
localized regulation of cell–cell interactions, as demonstrated by the
effective obliteration of the blastocoel when cadherin-dependent
adhesion or eph–ephrin mediated cell–cell repulsion is interfered
with (Heasman et al., 1994; Winning et al., 1996, 2002).
The blastocoel is sometimes regarded as a quiescent extracel-
lular space that serves to insulate labile animal cap cells from
vegetally secreted morphogens and to provide room in which
involuting cells can reorganize during gastrulation (Nieuwkoop
et al., 1985). In contrast to the passivity suggested by such roles,
the basolateral surfaces facing the early blastocoel exhibit consider-
able motility, including metachronal waves of surface contractility
contemporaneous with cleavage cycles, and deployment of lamelli-
podia and motile, adhesion-competent ﬁlopodia (Danilchik and
Brown, 2008). The relationship of these cleavage-stage cellular
activities to the contemporaneous ﬁrst steps of embryonic patterning
is largely unexplored.
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mences when fertilization triggers a microtubule-dependent rota-
tion of the egg cortex relative to the vegetal cytoplasm (Vincent
et al., 1987; Elinson and Rowning, 1988). Rotation produces an
asymmetric distribution of maternal components, including
maternal Wnt-11 mRNA (Tao et al., 2005), to the prospective
dorsal side of the embryo. In synergy with maternal Wnt-5 (Cha
et al., 2008), secreted Wnt-11 locally suppresses beta–catenin
degradation (Miller et al., 1999). Thus, as cleavage begins, conﬁn-
ing localized macromolecules to particular lineages, blastomeres
on the prospective dorsal side initiate a beta-catenin dependent
dorsoanterior-speciﬁc program of gene expression (Schneider
et al. , 1996; Rowning et al., 1997; Larabell et al., 1997; Hyatt and
Yost, 1998), possibly by as early as the 8- or 16-cell stage (Heasman
et al., 2000; Heasman, 2002; Yang et al., 2002). To investigate the
potential role of membrane protrusive activity in facilitating cell–
cell communication during this crucial developmental stage, we
combined live-cell, confocal, and electron microscopy to examine
the basolateral cell surfaces during the expansion of the blastocoel.
Three novel ﬁndings emerged from this investigation. First, the
blastocoel is traversed by extensive arrays of long, stable ﬁlopodia
that maintain physical connections between nonadjacent blasto-
meres separated by hundreds of microns across the blastocoel.
Second, these ﬁlopodia facilitate an unexpectedly abundant inter-
cellular exchange of cytoplasm and membrane via the shedding of
cytoplasmic droplets, and may therefore serve to broaden
expressed ﬁelds of localized maternal morphogens. Third, the
long, stable ﬁlopodia are active in caveolar endocytosis, rapidly
transferring internalized blastocoelic material to an acidiﬁed
endocytic compartment. Because internalization and acidiﬁcation
of ligand-receptor complexes are prerequisites for downstream
signal transduction, the ﬁlopodia may function as ligand-sensing
organelles to probe the large, expanding volume of the blastocoel
during early cleavage stage.Materials and methods
Eggs and embryos
Unfertilized eggs and testis were obtained from wild-type
Xenopus laevis adults reared in an IACUC-approved colony at OHSU
(USPHS Animal Welfare Assurance Number A33401). Female frogs
were induced to ovulate by injecting human chorionic gonado-
tropin (Sigma; 600 IU per frog) into the dorsal lymph sac. Eggs
were fertilized, dejellied, and cultured to desired stages as pre-
viously described (Danilchik and Brown, 2008). In vivo imaging of
the blastocoel surface followed a previously described protocol
(Danilchik, 2011). Brieﬂy, embryos, ﬂuorescently labeled by one or
more of the methods below, were placed on a depression slide
containing a drop of Blastocoel Buffer (53 mM NaCl, 15 mM NaCl,
15 mM NaHCO3, 1 mM CaCl2, 1 mM MgSO4, 3.6 mM Na2CO3,
4.5 mM K-gluconate, 23.4 mM Na-isethionate, 1 mg/ml bovine
serum albumin, and 5 mM bicine, pH 8.3) (Keller et al., 1985)
and devitellinated manually. While immobilizing the embryo with
a hair loop, a small group of marginal-zone or vegetal blastomeres
was manually removed with watchmakers' forceps. Yolky debris
was drawn away with a braking pipet and a cover slip lowered
over the specimen for upright confocal imaging.
Labeling procedures
To label plasma membrane for both live and ﬁxed-specimen
ﬂuorescence microscopy, embryos at speciﬁed stages were micro-
injected with approximately 100 pg of memGFP mRNA, coding for
an eGFP fused at its carboxy terminus with the ras CAAXfarnesylation site (Wallingford et al., 2000). To report distribution
of f-actin in live specimens, embryos were microinjected with G-
UtrCH mRNA, coding for eGFP fused with the calpain homology
domain of utrophin (Burkel et al., 2007). Adequate ﬂuorescence for
confocal microscopy was usually obtained within about two hours
after injection. To detect engulfment and acidiﬁcation of blasto-
coelic contents, 10–40 nl of pHrodo Red dextran (10 kd, Molecular
Probes/Invitrogen) was injected into the blastocoel between 30
and 60 min prior to viewing live. Because the blastocoel is
generally quite small at the early stages of interest, the injectate
was sometimes inadvertently delivered into blastomeres, not the
blastocoel; the resulting bright cytoplasmic ﬂuorescence made
such embryos easy to identify and cull. Lineage labeling of selected
blastomeres was achieved via injecting 4–6 nl of ﬁxable quantum
dots (Qdot 655 ITK amino-PEG, Molecular Probes/Invitrogen) or
Alexa 546- or FITC-conjugated 10 kd lysine-dextrans (Molecular
Probes/Invitrogen).
Confocal microscopy and image processing
MemGFP-expressing embryos at desired stages were ﬁxed
overnight in 4% freshly made formaldehyde in phosphate-
buffered saline (PBS). Specimens were then brieﬂy rinsed and
devitellinated in PBS and prepared for microscopy by bisecting
with a razor blade or by manually extirpating a few blastomeres.
Confocal imaging of both live and ﬁxed embryos were via a
Zeiss/Bio-Rad Radiance 2100 laser scanning system mounted on a
Nikon E800 upright microscope. Simultaneous two-channel ima-
ging using 488 and 543 nm excitation was used to detect GFP
(500–560 nm emission) and either pHrodo Red dextran
(Z570 nm emission) or quantum dots (Z630 nm emission). In
situations in which a background image of an unlabeled cell was
required, the confocal pinhole of one channel was fully opened to
detect yolk platelet reﬂectance and/or autoﬂuorescence.
Confocal time-lapse sequences and z-series were converted to
TIFF image stacks using ImageJ (http://rsb.info.nih.gov/ij/). Image
projections of z-series were projected to single images using
maximum-intensity z-projection in ImageJ. Stereo pairs were
projected with +71 of virtual rotation from 3-dimensional confocal
timelapse (xyzt) sequences, using a custom stack-projecting appli-
cation written by Garrett Odell (Center for Cell Dynamics, Uni-
versity of Washington, Friday Harbor, WA). Three-dimensional
rocking animations were rendered via brightest-point projection
in ImageJ, rotating in 31 increments about the Y-axis, and using the
slice spacing deﬁned by the original capture, typically 2–4 mm per
z-step. Image stacks were then converted to Quicktime movie
format, compressing to MPEG4 format with Quicktime Pro (Apple).
Other post-capture image manipulation of single frames was
limited to minor contrast stretching.
Scanning electron microscopy
Intact embryos were ﬁxed for 2 h at room temperature, and
then overnight at 4 1C in 3.125% glutaraldehyde, 2.0% formalde-
hyde in 0.1 M sodium cacodylate, pH 7.4. Specimens were washed
in 0.1 M sodium cacodylate, pH 7.4, for 2 h. Specimens were
bisected with a freshly broken fragment of razor blade during this
step or were left intact until after critical-point drying. Intact and
bisected embryos were dehydrated in a graded ethanol series,
transitioned to liquid CO2, and critical-point dried in an EMS 850
Critical Point Dryer. Dried specimens were mounted on double-
sided adhesive carbon tape (SPI) adherent to 25.4 mm pin-mount
aluminum SEM stubs (SPI). Conductive silver paint was applied to the
underside of the embryo at its point of contact with the tape. Mounted
preparations were sputtered with a 16 nm layer of gold/palladium in a
Denton Desk II sputter-coater. Specimens were viewed in a FEI Quanta
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of 10–11mm.Transmission electron microscopy
Intact embryos were ﬁxed for 2 h at room temperature, then
overnight at 4 1C in 3.125% glutaraldehyde, 2.0% formaldehyde in
0.1 M sodium cacodylate, pH 7.4. Specimens were left intact or
bisected, washed in 0.1 M sodium cacodylate, pH 7.4, for 2 h, post-
ﬁxed in 1% osmium tetroxide for 1 h at room temperature, washed
in 0.1 M sodium cacodylate, pH 7.4, for 1 h, then dehydrated in a
graded series of ethanol and acetone, and embedded in LX112
(Ladd).
Five-micrometer sections were cut on dry glass knives, trans-
ferred to water drops on glass slides pre-treated with Tri-Flow
(REI), and allowed to ﬂatten on a hot plate. Dried sections were
examined and imaged without coverslipping. Selected sections
were then re-embedded by inverting a No. 3 BEEM capsule,
labeled and ﬁlled with unpolymerized LX112, over the section,
followed by overnight curing at 60 1C. Capsules were then
removed from the glass slide, revealing the re-embedded thick
section at the surface of the polymerized block. Areas of interest
were faced for semi- and ultrathin sectioning.
Semi-thin sections of 1 mm were stained with toluidine blue
(1%) and examined with light microscopy. Ultrathin sections (gray
to silver) were cut with a Diatome diamond knife on a Leica EM
UC6 ultramicrotome, collected on 200-mesh nickel–copper gridsFig. 1. Long, stable ﬁlopodia spanning the cleavage-stage blastocoel. (A) 32-cell embryo
expressing memGFP, viewed via confocal microscopy through an opening similar to t
specimen depth. Image is single frame from Supplemental Movie 1. (C) View via SEM in
blastomeres on opposite sides of blastocoel. (D) Projection of live confocal image stac
cytoplasmic bridge, and projecting numerous thin ﬁlopodia to different targets. Scale band stained with 5% uranyl acetate for 10 min and Reynolds lead
citrate for 5 min, and examined at 80 kV on a FEI Tecnai G2
transmission electron microscope.Results
Basolateral protrusions maintain contacts between blastomeres
across the expanding blastocoel.
In prior work (Danilchik and Brown, 2008), we showed that
basolateral surfaces of cleavage-stage Xenopus blastomeres express
numerous short (10 mm) ﬁlopodia that ﬂail about, become
adherent upon contact with opposing basolateral surfaces, and
facilitate cleavage-furrow closure and compaction. To investigate
whether such protrusive activity continues within the blastocoel
following furrow closure, we used live, 3-D confocal microscopy to
peer through an opening made by removing vegetal blastomeres
from cleavage-stage Xenopus embryos (Fig. 1A). In embryos
expressing a membrane-targeted GFP (memGFP), we observed
not only the short, ﬂailing protrusions previously described
(Danilchik and Brown, 2008), but also arrays of exceptionally long,
membrane-bounded projections that span the blastocoel in multi-
ple directions, and stably connect blastomeres that are separated
by as much as 250 mm of extracellular space. A typical example is
shown in Fig. 1B, an image projection of a low-magniﬁcation
confocal timelapse image stack captured through an opening in a
32-cell embryo expressing memGFP. Numerous ﬁne membranouswith two vegetal blastomeres removed to access blastocoel. (B) Live, 32-cell embryo
hat seen in panel A. Image is a projection of a 20-frame stack through 40 mm of
to interior of 32-cell embryo, revealing arrays of parallel ﬁlopodia running between
k of two sister blastomeres, expressing memGFP, still connected by a cytokinetic
ars: (B, D), 200 mm; (C), 50 mm.
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the blastocoel, and provide physical contact between both adja-
cent and nonadjacent blastomeres. The long, traversing ﬁlopodiaFig. 2. Deployment of ﬁlopodial arrays during early cleavage. (A) Flask-shaped ﬁlopod
stage. (B) Filopodia are drawn apart during blastocoel expansion. (C) Length of ﬁlopodial
sister-cell separation. Numbered pairs 1–3 indicate earlier (1) to later (3) cleavages, res
respectively, demonstrating different positioning of early and late cytoplasmic bridges
extending ﬁlopodia are abundant along fourth furrow, but nearly absent on new ﬁfth cle
furrow through blastomere in memGFP-expressing, 256-cell embryo neither disrupts p
90 s of a time lapse sequence. See also Supplemental Movie 2. Scale bars: (A), 15 mm; (B
Video S1. Arrays of long ﬁlopodia traverse the blastocoel of 32-cell embryo.
Related to Fig. 1B. Time-lapse confocal sequence showing arrays of long ﬁlopodia
spanning the blastocoel in multiple directions from hubs of memGFP-expressing
embryo, recording approximately 11.4 min through 40 mm of specimen depth.
Arrowheads indicate ﬁlopodial hubs – irregular protrusions fromwhich particularly
large numbers of long ﬁlopodia extend. Frame width is 936 mm. A video clip is
available online. Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.ydbio.2013.07.024typically run in parallel arrays composed of dozens to hundreds of
individual ﬁbers. Time-lapse recordings (see Supplemental Movie 1)
reveal that these ﬁlopodia are relatively stable and persist for severalia maintain adhesion between blastocoel-facing basolateral surfaces at 16–32-cell
arrays across individual cleavage planes reﬂects extent of blastocoel expansion since
pectively. (D, E) Low-magniﬁcation SEM views of 16- and 128-cell stage embryos,
(arrowheads). (F) Fourth and ﬁfth cleavage planes are indicated by dotted lines;
avage plane. Panel corresponds to boxed region of panel D. (G) Passage of a cleavage
reexisting ﬁlopodia nor generates new ones. Panels are selected frames over about
), 40 mm; (C), 40 mm; (D), 400 mm; (E), 200 mm; and (F, G), 50 mm.
Video S2. Attached ﬁlopodia persist through an intervening cleavage furrowing
event. Related to Fig. 2. MemGFP-expressing embryo, 64/128-cells. As the furrow
forms and deepens and the two daughter cells drop away from the plane of section,
ﬁlopodia draped across the furrow retain their connections between two non-
adjacent blastomeres and become tautly suspended in the blastocoel. Time lapse
records approximately 18.1 min. The focus was manually shifted near the end of the
sequence to better display associated ﬁlopodia suspended deeper in the blastocoel.
Frame width is 375 mm. A video clip is available online. Supplementary material
related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2013.
07.024.
M. Danilchik et al. / Developmental Biology 382 (2013) 70–8174hours, through multiple rounds of early cleavage. They remain taut
and roughly parallel, despite the considerable dynamic changes in
surface topography of their adjoined basolateral surfaces which
accompany the expansion of the blastocoel and intrusion of new
cleavage planes.
To test the possibility that the long, traversing ﬁlopodia seen in
live preparations might simply be experimental artifacts, e.g.
strands of membrane broken during blastomere extirpation, or
altered membrane properties conferred by the GFP tag, we used
scanning electron microscopy (SEM) to examine the blastocoel of
untreated, normal embryos ﬁxed and critical point-dried intact,
prior to being cracked open. As seen in Fig. 1C, blastocoel-spanning
protrusions – some as long as 200 mm – are well preserved in
undisturbed specimens, conﬁrming that long, stabilized ﬁlopodia
observed in the live preparations are indeed a normal feature of
the intact blastocoel. These ﬁlopodia are easily distinguished from
– and far outnumber – cytokinetic cytoplasmic bridges (Fig. 1D).
They contain abundant f-actin, as revealed by intense ﬂuorescent
phalloidin staining, and do not stain with antitubulin antibodies
(not shown). To summarize, at the 32- and 64-cell stages (5th and
6th cleavage cycles), most blastomeres appear to be simulta-
neously interconnected and in long-term contact with as many
as half a dozen adjacent and nonadjacent cells via numerous
traversing ﬁlopodia.
We investigated two mechanisms to account for the formation
of the long ﬁlopodia. Previously, we had observed that short
motile ﬁlopodia projecting from basolateral surfaces are adherent
and evidently involved in calcium-dependent compaction between
separating sister blastomeres (Danilchik and Brown, 2008). Because
these ﬁlopodia extend over only relatively short (10 mm) dis-
tances and exhibit continuous, dissynchronous ﬂailing, it is highly
unlikely that they are capable of extending in large numbers across
the fully-expanded (4 250 mm) blastocoel to form an organized,
parallel array. Thus, we considered an alternative mechanism
for their formation: that the long arrays form ﬁrst as an array
of adherent contacts made along blastocoel-facing cell–cellFig. 3. Hub formation. (A) Flask-shaped proximal bases of long, stable ﬁlopodia projec
ﬁlopodia projecting from a nonadjacent blastomere. (C) Proximal bases of animal-hemisp
hemisphere blastomere, late 32-cell stage. (E) Low-magniﬁcation SEM of ﬂoor of 64-
(F) Arrays of ﬁlopodia span 64-cell blastocoel in multiple, overlapping directions. View is
hubs found in dorsal and ventral halves. Boxes represent the two median quartiles; bar
25 mm; (E), 200 mm.boundaries, which are then drawn out by blastomere separation
driven by blastocoel expansion. SEM analysis of the earliest stages
of cleavage conﬁrms this latter mechanism (Fig. 2). Early sister-
blastomere adhesion is sustained by numerous, ﬂask-shaped ﬁlo-
podia interdigitating across the blastocoel-facing edges of the ear-
liest cleavage furrows (Fig. 2A). As the blastocoel expands, adjacent
surfaces begin to unzip, such that clusters of adherent ﬁlopodia are
drawn out into continuously lengthening arrays of parallel ﬁlopodia
(Fig. 2B), which eventually span 200 μm or more of extracellular
space (Fig. 2C). Many of these ﬁlopodial arrays maintain their
original contacts through several rounds of cleavage and blastocoel
expansion; consequently, arrays of stable ﬁlopodia end up spanning
spaces that separate nonadjacent blastomeres, as shown via con-
focal timelapse (see Supplemental Movie 2) in which two blasto-
meres maintain contact via an array of ﬁlopodia, while a third
blastomere between them undergoes cleavage and pulls away to
leave the ﬁlopodia tautly spanning the enlarging extracellular
cavity.
Due to continuous blastocoel expansion, ﬁlopodia between
blastomeres adherent earlier in development are drawn farther
apart than those of later stages, and thus earlier cleavages must
produce longer ﬁlopodial arrays than later cleavages. Consistent
with this idea, at the late 32-cell stage, arrays of strikingly different
length are observed to span the cleavage planes between various
pairs of adjacent or previously adjacent blastomeres (numbered
pairs; Fig. 2C); the differences presumably reﬂect directly the
degree of blastocoel expansion having occurred since particular
cleavages took place.
Interestingly, ﬁlopodial arrays abruptly cease being generated
after about the 5th cleavage. Two contemporaneous changes occur-
ring at this stage contribute to this transition. First, blastocoel
expansion slows, so adherent sister blastomeres move apart less
extensively than earlier. Second, the mechanics of cleavage furrowing
undergoes an abrupt change, altering the position of cytoplasmic
bridge closure. Earlier cleavage furrows initiate circumferentially,
i.e., along the outer egg surface in the ﬁrst few cleavages, and theirting to a nonadjacent blastomere, 16–32-cell stage. (B) Distal adhesive contacts of
here blastomere beginning to converge into a hub. (D) Hub protruding from animal-
cell blastocoel, showing numerous ﬁlopodial arrays projecting to and from hubs.
oriented with blastocoel roof above and ﬂoor of blastocoel below. (G) Distribution of
s, the minimum and maximum numbers observed. Scale bars: (A), 15 mm; (B–D, F),
Video S3. Flask-shaped ﬁlopodia interdigitate at a compaction site between
two blastomeres. Related to Fig. 3. MemGFP-expressing 32-cell embryo. Movie is a
stereo pair, arranged for cross-eyed viewing. The sequence records approximately
9.6 min through 12 mm of specimen depth. Each frame's width is approximately
100 mm. A video clip is available online. Supplementary material related to this
article can be found online at http://dx.doi.org/10.1016/j.ydbio.2013.07.024.
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blastocoel (Fig. 2D, arrowheads). In contrast, later cleavage furrows
initiate ﬁrst on the blastocoel-facing surface, and progress outward,
usually closing their cytoplasmic bridges near the egg's outer surface,
as in the 128-cell embryo shown in Fig. 2E (arrowheads). Thus, the
blastocoel-facing surfaces of earlier cleavage planes (e.g., the 4th, as
indicated by dotted line in Fig. 2F) develop abundant ﬁlopodial
contacts across the furrow, which then are drawn apart by blastocoel
expansion. In contrast, later cleavages (e.g., the 5th, Fig. 2F; or one
occurring after the 128-cell stage, Fig. 2G), deepen without making
signiﬁcant adherent contact across the furrow. In summary, the
ﬁlopodial arrays develop when short, motile ﬁlopodia establish
adhesive contacts across the earliest cleavage planes. These ﬁlopodia
are drawn out into the parallel arrays that extend across the expanding
blastocoel.
Filopodia extend radially from basolateral hubs
The proximal bases of traversing ﬁlopodia assume a characteristic
ﬂask-shaped morphology, both in those running between adjacent
blastomeres (Fig. 2A,B), and in those running between more distant,
nonadjacent blastomeres (Fig. 3A). This morphology is apparent both
in ﬁxed samples prepared for SEM and confocal wholemount, as well
as in live embryos (see Supplemental Movie 3).
Up to about the 32-cell stage, both the proximal bases and
distal tips of individual traversing ﬁlopodia exhibit minimal lateral
motion on blastomeres' basolateral surfaces; thus, because they
maintain their relative spacing, ﬁlopodia within individual arrays
remain generally parallel (Fig. 3B; see also Fig. 1B, D, Supplemental
Movie 1). Over the next two cleavage cycles, however, the
organization of ﬁlopodial arrays becomes more radiate because
proximal ﬁlopodial bases converge into localized clusters (Fig. 3C).
Eventually the clusters of proximal bases coalesce into raised,
irregularly blebby protrusions (Fig. 3D; see also arrowheads in
Supplemental Movie 1). These structures, which we shall callFig. 4. Cytoplasmic trafﬁcking along ﬁlopodial arrays. (A) Scanning EM showing vesicle
from a timelapse sequence showing retrograde transport of cytoplasmic droplets along
(C) Antiparallel pair of laterally adherent ﬁlopodia, projecting from two blastomeres,
confocal image stack of a hub in a blastomere injected with FITC-lysine-dextran receivin
dextran. (E) MemGFP-expressing blastomere projects ﬁlopodial array to unlabeled blast
portions of ﬁlopodial array. (H) Timelapse frames of hub seen in panel G; particle (arrowh
25 mm; (E), 200 mm; (F–H), 50 mm.“hubs,” persist as major foci of the proximal bases of dozens to
hundreds of ﬁlopodia until about the 256-cell stage. Hubs often
project bundles of ﬁlopodia onto more than one neighboring cell
(Fig. 3E); complex three-dimensional patterns of overlap thus
develop (Fig. 3F), reﬂecting both the persistence of the spanning
ﬁlopodia through multiple cleavage cycles and the relative shifting
of various basolateral surfaces during blastocoel expansion.
Pattern of ﬁlopodial arrays reﬂects early cleavage mechanics, not
embryonic axes
Because many of the earliest events of dorsal–ventral axis
speciﬁcation, e.g., those involving canonical Wnt signaling, osten-
sibly occur at or near the plasma membrane, we were interested in
whether the arrangement of hubs, as foci of the extensive
ﬁlopodial arrays, might reﬂect maternally-derived dorsal–ventral
or left–right differences. To test for potential regional differences
in hub and ﬁlopodial distribution, ﬁxed embryos at the 32-cell
stage were fractured into dorsal/ventral halves prior to critical
point drying. Thirty-two embryos were examined via SEM; images-laden ﬁlopodial array extending from a hub across blastocoel. (B) Confocal image
ﬁlopodia projecting from a hub. Blastomere was injected with FITC-lysine-dextran.
injected individually with either FITC- or TRITC-lysine-dextran. (D) Projection of
g cytoplasmic droplets from a non-adjacent blastomere, injected with TRITC-lysine-
omere across blastocoel. (F, G) Higher-magniﬁcation details of distal and proximal
ead) moves at about 1.1 mm/s along stable ﬁlopodium toward hub. Scale bars: (A–D),
Fig. 5. Membrane and cytoplasm exchange via ﬁlopodial cytoplasmic droplets and shed vesicles. (A) Scanning electron micrograph of roof of blastocoel, early stage
7 embryo. Long ﬁlopodia are absent. (B) Confocal image of cluster of stage 7 animal-hemisphere blastomeres expressing memGFP injected into a single 8-cell blastomere.
Filopodia project only about 10 mm to adjacent cells. Panels C–H: ﬁxed embryos expressing memGFP excited by 488 nm (green); yolk platelet reﬂectance of 633 nm light
(red) provides outlines of unlabeled blastomere cell bodies. (C) Long ﬁlopodia deposit memGFP-labeled vesicles onto surface of both nonadjacent (arrowheads) and adjacent
blastomeres. 64-cell embryo. (D) Filopodium from memGFP-expressing blastomere spanning blastocoel to contact cells of unlabeled lineage. Note faint expression of GFP on
blastomere surface, near arrowhead. (E, F) Low-magniﬁcation projection of confocal image stack of a ﬁxed 32-cell embryo expressing memGFP in a dorsal quadrant of
blastomeres. Several animal cap blastomeres were removed to expose the ﬂoor of the blastocoel. Region within square outline in panel E is shown at higher magniﬁcation in
panel F, revealing large numbers of GFP-labeled cytoplasmic droplets and ﬁlopodia deposited onto surface of unlabeled vegetal blastomeres. (G, H) Fixed 128-cell embryo
cracked open along incipient midsagittal plane, expressing memGFP in a ventral quadrant of blastomeres. Region within rectangular outline in (G) is shown at higher
magniﬁcation in (H), revealing widespread scattering of labeled cytoplasmic droplets throughout the blastocoel. Scale bars: (A–D), 25 mm; (E, G), 250 mm; (F, H), 100 mm.
Video S4. Filopodial fragmentation deposits trails of vesicles. Related to Fig. 5.
MemGFP-expressing blastomeres contact each other by long ﬁlopodia. Chains of
vesicle-bearing ﬁlopodial fragments are deposited across surface of neighboring
unlabeled blastomere (upper left side of each panel). The left and right panels are at
different focal depths, 15 mm apart. The sequences record approximately 1.7 min.
Each frame's width is about 280 mm. A video clip is available online. Supplementary
material related to this article can be found online at http://dx.doi.org/10.1016/j.
ydbio.2013.07.024.
Video S5. Vesicles released during ﬁlopodial fragmentation have different
trajectories. Related to Fig. 5. MemGFP-expressing 32-cell stage blastomere
extends long ﬁlopodia across unlabelled blastomere. Movie sequence is replayed
3 times. Vesicles released from a single ﬁlopodium (arrowheads seen during
middle replay) remain associated with unlabeled cell's surface, while another
released vesicle (arrow seen during middle replay) drifts into the blastocoel,
independent from the other vesicles. A video clip is available online. Supplemen-
tary material related to this article can be found online at http://dx.doi.org/10.1016/
j.ydbio.2013.07.024.
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blind study for numbers of hubs. As shown in Fig. 3G, hubs (and
thus their associated ﬁlopodial arrays) are found at equivalent
frequencies in dorsal and ventral halves (5.3371.54 and 5.067
1.47, respectively). An additional twelve 32-cell embryos, fractured
into left and right halves, yielded similarly equivalent results.
We conclude that no consistent regional differences exist in
the arrangement of blastocoel-spanning ﬁlopodial arrays; their
distribution does not reﬂect incipient embryonic axis patterning
differences.Filopodia transfer cytoplasmic vesicles to neighboring cells
Stabilized traversing ﬁlopodia vary in thickness from 0.2 to 0.7 mm
(as measured via SEM), and often bear single or clusters of spherical
or ovoid vesicles, 1.5 to 3 mm in diameter, along their length (Fig. 4A).
These vesicles are membrane-bounded distensions of the ﬁlopodial
shaft, sharing cytoplasmic continuity with the cell body, as revealed
via injection of lineage tracers, including ﬂuorescent dextrans
(Fig. 4B) and lucifer yellow (not shown). These cytoplasm-bearing
vesicles move along ﬁlopodia at rates of 1–3 mm/s, with both retro-
grade (toward hubs) and anterograde (away from hubs) motion
Fig. 6. Acidiﬁcation of endocytosed blastocoelic material. (A–F): live confocal imaging of pHrodo uptake from blastocoel into acidiﬁed vesicular compartment. Green channel
denotes yolk autoﬂuorescence (A–C) and memGFP (D–F); red channel denotes acidiﬁed pHrodo Red. (A) Grazing optical section of vegetal blastomere, 30 min after injecting
pHrodo red into blastocoel. (B) Projection of image stack detailing a hub (arrowhead), abundantly decorated with pHrodo-bearing vesicles. (C) pHrodo Red-bearing vesicles
are internally featureless. (D) pHrodo Red incorporation and acidiﬁcation in memGFP-expressing blastomere. (E) Optical section showing cluster of spherical pHrodo Red-
bearing vesicles. Lumen of each vesicle is featureless and surrounded by single unit memGFP-labeled membrane, suggesting no engulfment of vesicular objects, e.g., via
phagocytosis. (F) 36 min after injection into blastocoel, pHrodo Red bypasses cluster of memGFP-labeled vesicles on blastomere surface, accumulating and becoming
acidiﬁed more deeply in blastomere's cortex. Scale bars: (A, B), 50 mm; (C), 10 mm; (D–F), 15 mm.
Fig. 7. Cytoplasmic exchange via vesicle engulfment. Cytoplasm transfer from
quantum dot-loaded blastomere (red) to uninjected blastomere, in region of hub
(arrowhead). Because of resonant transfer, yolk platelet autoﬂuorescence (green)
can only be seen in cells lacking the red quantum dots. See also Supplemental
Movies 5 and 6 for original confocal z-series and projected 3-D rotation of same
data set, respectively. Scale bar: 50 mm.
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cells. When adjacent or nonadjacent blastomeres were injected with
differently colored ﬂuorescent lineage tracers, we frequently detected
ﬁlopodia associating in antiparallel pairs, whose distal ends form into
cytoplasmic droplets (Fig. 4C, arrowheads). Many droplets lose
continuity with their originating ﬁlopodium, and then cluster at
hubs of neighboring blastomeres. For example, Fig. 4D shows the hub
of a FITC dextran-injected blastomere that has received several
vesicles shed from a remote TRITC dextran-injected blastomere.
Interestingly, both anterograde and retrograde transport of vesicles
occur contemporaneously within single ﬁlopodial arrays. Fig. 4E
shows, at low magniﬁcation, a memGFP-expressing blastomere that
projects ﬁlopodia to an unlabeled blastomere across the blastocoel.
As shown at higher magniﬁcation (Fig. 4F), the distal ﬁlopodial ends
vesiculate along the unlabeled surface, leaving a trail of memGFP-
expressing vesicles. The proximal portion of the same array (Fig. 4G)
projects from a hub. Timelapse capture reveals steady retrograde
motion (1.1 mm/s) of small vesicles along ﬁlopodia that remain stably
attached during the recording interval (Fig. 4H, arrowheads).
By about the 256-cell stage, most of the long ﬁlopodia and hubs
have completely subsided. In agreement with previous reports in
Xenopus (Williams et al., 2004) and Cynops (Komazaki, 1982), older
embryos (midblastula and later stages) consistently display only
relatively short (o20 μm) protrusions that interact with adjacent
cells (Fig. 5A, SEM; Fig. 5B, live confocal). The widespread disap-
pearance of the long, ﬁlopodial arrays prompted us to closely
examine their fate during this transition. When memGFP was
expressed in single lineages of blastomeres, we could survey,
several cleavage cycles later, the distribution of membrane-labeled
ﬁlopodia against a background of unlabeled cells. In a gradualprocess that begins at about the 32- to 64-cell stage, labeled
long ﬁlopodia, draping over surfaces of both adjacent and non-
adjacent blastomeres, undergo fragmentation, forming rows of
initially connected, membrane-bounded, 1–3 mm vesicles (Fig. 5C,
D arrowheads; Supplemental Movie 4). As shown in Supplemental
Movie 5, vesicles eventually separate, some remaining attached to
M. Danilchik et al. / Developmental Biology 382 (2013) 70–8178blastomere surfaces (arrowheads), while others ﬂoat into the
blastocoel (arrow). The amount of membrane and cytoplasm
transferred by vesicles shed onto both adjacent and nonadjacent
cell surfaces is considerable. We were interested in whether the
shed microvesicular deposits left by receding ﬁlopodia might have a
dorsal or ventral bias. Thus, embryos expressing memGFP in single
4-cell blastomeres were ﬁxed at the 32-, 64-, and 128-cell stages to
ask whether dorsal and ventral blastomeres are equally likely to
deposit microvesicles. As shown in Fig. 5E–H, both ventral andFig. 8. Endocytotic activity in proximal ﬁlopodial bases. (A) Thick plastic-section throug
TEM shown at higher magniﬁcation in panels B, D. (B) SEM view of site equivalent to tha
shown at higher magniﬁcation in panel D. (D) Two proximal ﬁlopodial bases, showin
ﬁlopodium (asterisks). Scale bars: (B), 5 mm; (C), 10 mm; (D), 500 nm.
Video S6. Cytoplasm transfer across blastocoel. Related to Fig. 7. Image stack
through 40 mm of specimen depth, from which Fig. 5 was projected. Quantum dot-
labeled cytoplasm (red) transfers via ﬁlopodia and/or shed vesicles to unlabeled
blastomere's cortex and hub. See Fig. 5 legend for other details. Frame width is
281 mm. A video clip is available online. Supplementary material related to this
article can be found online at http://dx.doi.org/10.1016/j.ydbio.2013.07.024
Video S7. Cytoplasm transfer acrosss blastocoel. Related to Fig. 7; 3-D projection
of stack shown in Video S6, virtually rotating +151, showing cytoplasm from
quantum dot-labeled blastomere (red) transferred via ﬁlopodia and/or shed
vesicles to unlabeled blastomere's cortex and hub. See Fig. 5 legend for other
details. Frame width is 281 mm. A video clip is available online. Supplementary
material related to this article can be found online at http://dx.doi.org/10.1016/j.
ydbio.2013.07.024.dorsal lineages abundantly deposit memGFP-expressing microvesi-
cles onto reciprocal lineages. From an analysis of over 60 embryos,
we conclude that this exchange is widespread within the blastocoel
and, as with the distribution of hubs and ﬁlopodial arrays them-
selves, not spatially biased relative to the incipient dorsal-ventral
axis. The fate of this abundantly exchanged membrane and cyto-
plasm will be discussed in the next section.
Shed vesicles are resorbed via membrane fusion
During late cleavage stages, blastocoel-facing cell surfaces lack
the abundant deposits of vesicles that were shed via ﬁlopodial
fragmentation at earlier stages. We considered three mechanisms
via which these vesicular fragments might be cleared from the
blastocoel. First, they might simply disrupt, emptying their cyto-
solic contents into the blastocoel. Second, they might become
engulfed and processed via phagocytosis. Third, vesicles might be
resorbed directly via fusion of their membrane with plasma
membranes of receiving blastomeres. The ﬁrst scenario seems
unlikely, since we never encountered free yolk platelets in the
blastocoel during examination of several dozens of ﬁxed speci-
mens via SEM, TEM, or wholemount confocal microscopy.
To test the second possibility, i.e., that shed ﬁlopodial fragments
are cleared from the blastocoel by phagocytosis, we microinjected
a pH-sensitive ﬂuorescent dextran conjugate, pHrodo Red dextran
(Invitrogen), into the blastocoel of 16- to 128-cell cleaving
embryos. pHrodo Red, which is nearly nonﬂuorescent at neutral
pH, but ﬂuoresces red at lower pH, is often used to identify
acidifying endosomal compartments downstream of phagocytosis
or endocytosis. Within 30 min following injection of pHrodo Red
dextran into the blastocoel, brightly ﬂuorescent vesicles (o3 mm
diameter) were detected in the cortex of blastocoel-facing blas-
tomere surfaces (Fig. 6A), indicating uptake and passage of
blastocoel contents into an acidifying compartment. Fluorescent
vesicles were particularly abundant in the vicinity of hubs (Fig. 6B,
arrowhead). Because these vesicles ﬂuoresce uniformly through
their volume (Fig. 6C), they evidently do not contain pHrodo-
excluding structures, such as engulfed ﬁlopodial fragments. The
ﬂuorescence therefore likely represents an acidiﬁed primary
endosomal compartment that accumulates blastocoelic, ﬂuid-
phase pHrodo Red via endocytosis, rather than via phagocytosis.
To investigate this process further, we traced the route of blas-
tocoelic pHrodo Red dextran into blastomeres that were eitherh blastocoel of late 16-cell embryo. Black arrowhead indicates site of thin-section
t indicated in panel C. (C) Low magniﬁcation TEM at roof of blastocoel. Boxed region
g abundant caveolae (black arrowheads) and large basal vesicles at neck of each
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expressing memGFP. Because memGFP is tethered to the plasma
membrane′s cytoplasm-facing leaﬂet, its ﬂuorescence should not be
compromised by luminal acidiﬁcation if internalized via endocytosis.
Thus, as expected, blastomeres that are themselves expressing
memGFP accumulate pHrodo Red into an acidiﬁed compartment
bounded by a single GFP-labeled membrane (Fig. 6D, E; arrowheads).
In contrast, in unlabeled blastomeres, internalized pHrodo Red
quickly bypasses GFP-labeled vesicles deposited by neighboring
memGFP-expressing blastomeres, and undergoes acidiﬁcation in an
endosomal compartment lacking GFP-labeled membrane (Fig. 6F).
Because multiple layers of GFP-labeled membrane were never seen
in acidiﬁed vesicles, we conclude that large-scale phagocytosis of
ﬁlopodial remnants does not occur in the cleavage-stage blastocoel.
The third possibility, that shed vesicles are resorbed directly via
membrane fusion, was explored by tracking the fate of cytoplasm
of vesicles deposited by ﬁlopodia or ﬁlopodial fragments onto
basolateral surfaces. Single vegetal-tier blastomeres at the onset of
4th cleavage were injected with ﬁxable quantum dots, and then
ﬁxed about 30 min later, at the 32-cell stage. Because injected
quantum dots diffuse relatively slowly, they are less prone to
escaping through closing cytoplasmic bridges into unintended
lineages than smaller aqueous ﬂuorophores such as lucifer yellow
(not shown). As shown in Fig. 7 (see also movies of the original z-
series and a 3-D rotation of the same dataset in Supplemental
Movies 6 and 7), quantum dots (red channel) were detected in the
basolateral cortical cytoplasm and hub (diagonal arrow) of an
uninjected blastomere sitting across the blastocoel from an
injected cell (asterisk). We interpret the presence of quantum dots
in the cytoplasm close to the surface of the uninjected cell to
indicate resorption of a vesicle shortly before ﬁxation. Numerous
ﬁlopodia bearing cytoplasmic droplets (between the white arrow-
heads; easier to see in the movies) physically connect the injected
blastomere and the remote hub. These results indicate that
abundant post-cytokinetic exchange of cytoplasm – and presum-
ably plasma membrane as well – occurs between non-sister
blastomeres. Transfer evidently occurs via direct resorption of
ﬁlopodia and/or their shed vesicles by receptive basolateral
surfaces, and probably accounts for most of the clearance of shed
ﬁlopodial fragments from the blastocoel by late cleavage stage.
Finally, it is also clear that hubs are particularly active foci for this
kind of exchange.
Proximal bases of traversing ﬁlopodia are actively endocytotic
Since the sequestration of blastocoel-injected pHrodo-Red
dextran apparently does not involve phagocytosis, it is likely that
it becomes internalized and routed to the acidiﬁed vesicular
compartment via endocytosis. We used TEM to examine
blastocoel-facing surfaces for evidence of endocytosis, and identi-
ﬁed the proximal bases of ﬁlopodia as being particularly active
sites of caveolar endocytosis. Fig. 8A shows a thick section through
the blastocoel of a 16–32-cell embryo. Fig. 8B is a SEM view of the
basolateral surface of a stage-matched animal-hemisphere blas-
tomere, from which protrude numerous ﬁlopodia with ﬂask-
shaped proximal bases (this site is equivalent to that indicated
by the black arrowhead in Fig. 8A). When sectioned for TEM, such
ﬁlopodia appear as round or oval proﬁles extending from the
blastomere surface (Fig. 8C). Higher magniﬁcation of panel C′s
boxed region (Fig. 8D) reveals that the proximal bases of these
ﬁlopodia are loaded with numerous near-surface caveolae (55–
85 nm; black arrowheads). In contrast, the adjacent smooth
blastomere surface, from which these ﬁlopodia protrude, is com-
paratively free of caveolae, indicating that the ﬁlopodial bases are
speciﬁcally active sites of endocytosis. A similar relative abun-
dance of caveolae in ﬁlopodial bases compared to adjacent cellsurfaces was detected in 20 of 29 specimens similar to that seen in
Fig. 8D.Discussion
Three novel membrane-dynamic activities identiﬁed on the
blastocoel-facing, basolateral surfaces in cleavage-stage Xenopus
embryos are of interest because of their potential for inﬂuencing
the localization and reception of localized maternal morphogens.
First, long, stable ﬁlopodia traverse the expanding blastocoel,
maintaining contact between blastomeres that have different
developmental potential. Second, the ﬁlopodia are involved in
the widespread exchange of shed vesicles between blastomeres,
suggesting a cleavage-stage mechanism for actively broadening
the distribution of maternal morphogens, receptors and cytosolic
components beyond their initial, pre-cleavage localizations. Third,
the proximal bases of the long ﬁlopodia are particularly active in
endocytosis and post-endocytotic processing of blastocoelar con-
tents, raising the possibility that they function as ligand-sensitive
probes of the interstitial space. All of these protrusion-dependent
activities occur in a time frame contemporaneous with activation
of the earliest steps in speciﬁcation of the embryo′s body plan.
The possibility that morphogens might be transmitted across
ﬁelds of cells by means other than of ﬂuid-phase diffusion was
previously addressed in Xenopus at a stage much later than that
examined here; ﬁlopodia, cytonemes, and vesicles were speciﬁ-
cally rejected as potential routes for the transmission of biologi-
cally functional eGFP-tagged Xnr2 in late blastula-stage (4000-cell
+) animal caps, since direct inspection revealed no evidence for
their presence at the stages examined (Williams et al., 2004). Our
results are consistent with that ﬁnding, to the extent that ﬁlopodia
fragmentation and subsequent resorption occur before the mid-
blastula stage.
Structurally, the long traversing processes ﬁt into a broadly
deﬁned class of actin-containing nanotubular membranous pro-
trusions recently recognized to occur in a variety of different
developmental, physiological, and in vitro contexts (reviewed in
(McClay, 1999; Gurke et al., 2008)). This class of structures includes
thin ﬁlopodia in sea urchin mesenchyme cells (Gustafson and
Wolpert, 1967; Miller et al., 1995), cytonemes and peripodial
extensions in Drosophila embryos (Ramírez-Weber and Kornberg,
1999; Gibson and Schubiger, 2000; Chou and Chien, 2002),
traversing ﬁlopodia in the mouse blastocyst (Salas-Vidal and
Lomeli, 2004), tunneling nanotubes in cultured neuroendocrine
cells (Rustom et al., 2004), and basolateral ﬁlopodia in cleavage-
stage Cynops (Komazaki, 1982). Given the wide phylogenetic
distribution of these structures, it is not surprising that different
topologies and potential functions have been reported: in some
cases, they are very long, blind-ended ﬁlopodia that either have
free ends or speciﬁc junctional association with distant cells; in
other situations, the nanotubes are reportedly open cytoplasmic
bridges along which organelles, bacteria or viral particles can be
transferred internally or even via external surﬁng. Recently,
particles containing lipid-tethered sonic hedgehog were observed
to trafﬁc along ﬁlopodia in both retrograde and anterograde
directions in vertebrate limb-bud mesenchyme (Sanders et al.,
2013)
In the Xenopus embryo, one of the potentially most signiﬁcant
activities we associated with the long ﬁlopodia is their widespread
fragmentation into vesicles which are subsequently resorbed by
both adjacent and nonadjacent blastomeres. A lot of this exchange
occurs at hubs, which appear to be foci of much of the retrograde
ﬂow of cytoplasmic droplets along the ﬁlopodia. The exchange of
vesicles between blastomeres is reminiscent of melanosome
transfer from melanocytes to keratinocytes, in which phagocytosis
M. Danilchik et al. / Developmental Biology 382 (2013) 70–8180of ﬁlopodial fragments seems to play a part (Singh et al., 2010).
However, memGFP-expressing blastomeres did not autologously
or heterologously produce multilamellar, GFP-labeled phago-
somes, indicating that shed vesicles are probably not cleared from
the blastocoel via phagocytosis. In contrast, we detected rapid
dispersal of quantum dot-labeled cytoplasm into the soma of
uninjected blastomeres, suggesting direct fusion between vesicle
and blastomere membranes.
One important question to address was whether the ﬁlopodial
protrusions, or vesicular fragments shed from them, are spatially
biased to reﬂect dorsal-ventral differences. In fact, region-speciﬁc
protrusive patterns were not identiﬁed; the formation of protrusions
and the copious shedding of vesicles across the blastocoel seems to be
a property of most, if not all early blastomeres. Thus, if developmen-
tally signiﬁcant exchange of maternal morphogens or receptors occurs
via vesicle shedding, it must reﬂect preexisting localizations, i.e., those
established during oogenesis or during the ﬁrst cell-cycle rotation.
Such an exchange could function by broadening the distribution of
localized maternal morphogens, competitive inhibitors, or receptors
beyond their initial localization.
The possibility that the long ﬁlopodia function as sensory
organelles for probing the large blastocoel cavity is suggested by
our observation that their proximal bases are particularly active
endocytotic sites. In cultured epithelial cells, receptor-bound EGF
undergoes retrograde actomyosin-mediated translocation along
ﬁlopodia, followed by endocytosis of ligand-receptor complexes
at the ﬁlopodial proximal bases (Lidke, 2005). This ﬁnding is
interesting in the context of recent work on signal reception of
secreted growth-factors, particularly in Wnt and Notch pathways
(Niehrs and Boutros, 2010), and is consistent with the role of
cytonemes as ligand-speciﬁc receptive organelles in Drosophila
imaginal disks (Roy and Kornberg, 2011). It was initially thought
that endocytosis functions primarily to recycle ligand-receptor
complexes, but recent work in mammalian cells (Blitzer and
Nusse, 2006), Drosophila (Gagliardi et al., 2008), and zebraﬁsh
(Mo et al., 2010) indicates that endocytosis of receptor-ligand
complexes is required for Wnt signaling. In a wide variety of
contexts, activation or suppression of different Wnt-dependent
pathways depends on selective internalization of ligands, their
competitors (Mao et al., 2002; Cselenyi and Lee, 2008), their
receptors and coreceptors (Yamamoto et al., 2006; Bilić et al.,
2007; Sakane et al., 2010; Niehrs and Shen, 2010) via either
caveolin- or clathrin-mediated endocytosis (Yamamoto et al.,
2008). Ultimately, in the cases of Notch and Wnt signaling,
endocytosed receptor-ligand complexes are trafﬁcked to an acid-
ifying endosomal compartment (Yan et al., 2009; Cruciat et al.,
2010). As shown here, ﬂuid-phase blastocoelic material is rapidly
passaged to an acidiﬁed compartment. Signiﬁcantly, in Xenopus,
the pharmacological abrogation of vacuolar proton pumps early in
development interferes with dorsal–ventral and left–right pat-
terning (Adams et al., 2006; Coombs et al., 2010), indicating the
importance of post-endocytotic processing of receptor-ligand
complexes in the cleavage-stage embryo.
What would be the result of speciﬁcally disrupting ﬁlopodial
contacts early in development? Experiments to directly test the
developmental roles of ﬁlopodia in embryonic patterning sug-
gested above are difﬁcult to perform, particularly in the early,
cleaving embryo. Among other things, ﬁlopodial extension and
motility depend on regulation of actin assembly, disassembly and
contractility. Not surprisingly, efforts to disrupt these functions,
i.e., with constitutively active or function-dead cdc42, or limited
concentrations of cytochalasins also disrupt cytokinesis, closure of
the cleavage furrow, and subsequent blastocoel formation
(Danilchik and Brown, 2008). If blastomere–blastomere contact
via ﬁlopodia is important for cell signaling in embryonic pattern-
ing, i.e. in induction and the acquisition of developmentalautonomy, then early ﬁlopodial scission would be expected to
more effectively disrupt embryonic development than later dis-
ruption. One way to test this would be via blastomere transplanta-
tion, mechanically breaking ﬁlopodial connections without
altering other extracellular conditions, such as locally secreted
morphogens. This experiment has in effect already been per-
formed in a classical study to rescue dorsal axis formation via
transplantation of selected dorsal blastomeres into UV-irradiated,
ventralized embryos (Gimlich, 1986): while the dorsal vegetal
quadrant elicited rescue of dorsal axial structures in irradiated
recipients solely via induction of the overlying equatorial blasto-
meres, transplanted equatorial blastomeres themselves elicited
rescue by autonomously developing into dorsal axial structures.
Interestingly, 64-cell donor equatorial cells elicited only a moder-
ate degree of rescue; progressively more complete axis rescues
required donor cells from later stages. Acquisition of this devel-
opmental autonomy depends on early cell signaling that may
involve not only secreted morphogens but also direct cell–cell
contact. As described in the present report, stable ﬁlopodia
spanning the blastocoel during the early cleavage stage extensively
redistribute both cytosolic and membrane-bound blastomere
components and could thus serve to broaden ﬁelds of maternal
morphogens beyond their initial localization.Acknowledgments
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